Introduction {#section1-1073274818812908}
============

Breast cancer is the most prevailing type of cancer in women and the leading cause of mortality worldwide, except for lung cancer.^[@bibr1-1073274818812908]^ Breast cancer can result from several causes including genetic and environmental risk factors. Circadian disruption by artificial light at night (ALAN) is relatively a novel risk factor emerging from our modern lifestyle. ALAN is increasingly being related to several diseases and recurrently linked to higher risk of breast cancer among women particularly in urban societies.^[@bibr2-1073274818812908],[@bibr3-1073274818812908]^ Using geographic information system and questionnaire research, a close and significant association between ALAN and breast cancer was demonstrated in a number of countries including Israel.^[@bibr4-1073274818812908][@bibr5-1073274818812908]-[@bibr6-1073274818812908]^

The association between ALAN and breast cancer also received strong support from experimental studies. In rats, constant ALAN exposure induced the growth of MCF-7 human breast cancer xenografts compared to animals kept under normal light--dark cycle.^[@bibr7-1073274818812908],[@bibr8-1073274818812908]^ In female BALB/c mice 4T1 mammary carcinoma model, 30 minutes of white fluorescent (450 Lux, 469 nm) or blue light-emitting diode (LED; 350 Lux, 460 nm) ALAN exposures markedly accelerated tumor growth rates compared to ALAN-free controls.^[@bibr9-1073274818812908],[@bibr10-1073274818812908]^

The ALAN-induced oncostatic effect is suggested to be manifested by suppressing the typical nocturnal production of the neurohormone melatonin by the pineal gland.^[@bibr2-1073274818812908],[@bibr11-1073274818812908]^ Melatonin supplement in the drinking water during the night (dark period) significantly blocked the ALAN-accelerated tumor growth in mice.^[@bibr9-1073274818812908],[@bibr10-1073274818812908]^ Furthermore, breast cancer xenografts treated with nocturnal blood samples collected from premenopausal women exposed to 90 minutes of white fluorescent (2800 Lux) ALAN demonstrated higher tumor proliferative activity than tumors treated with melatonin-rich blood collected during the night period.^[@bibr12-1073274818812908],[@bibr13-1073274818812908]^ Wavelength induces a dose-dependent suppression of melatonin, with higher frequencies engendering greater suppression compared to lower frequencies.^[@bibr14-1073274818812908]^ Melatonin is an omnipresent cellular regulator that controls a wide array of cellular processes including gene expression modulation.^[@bibr15-1073274818812908]^ The exact mechanism of action of melatonin in controlling gene expression is not entirely known, but there is substantial evidence that suggests a link to epigenetic modifications.^[@bibr16-1073274818812908]^ Certainly, environmental exposures (ie, ALAN) can change gene expression by epigenetic modification that are triggered by hormones (ie, melatonin) and endocrine disruptions.^[@bibr17-1073274818812908]^

Epigenetic modifications that modulate gene expression can be manifested by DNA methylation, posttranscriptional regulation of histone proteins, or noncoding RNA silencing.^[@bibr17-1073274818812908],[@bibr18-1073274818812908]^ DNA methylation is the most common and enduring type of chromatin remodeling that ensue from adding methyl groups at the 5-carbon position of the cytosine base.^[@bibr19-1073274818812908],[@bibr20-1073274818812908]^ Cancer cells express different types of DNA methylation, including global hypomethylation and promoter hypermethylation of tumor suppressor genes.^[@bibr21-1073274818812908]^ These aberrant epigenetic modifications induce cancer development probably by stimulating genomic instability, activation of oncogenes, stimulation of metastatic-related genes, silencing tumor suppressor genes, and increasing expression of cell proliferation-related genes.^[@bibr22-1073274818812908]^ Essentially, the global hypomethylation reported in most cancers is the outcome of decreased methylation in repetitive DNA sequence motifs, which comprise a major proportion of the nuclear DNA.^[@bibr23-1073274818812908],[@bibr24-1073274818812908]^ Previously methylated genes, particularly oncogenes, can be upregulated in response to demethylation resulting in cellular and genomic instability that may increase carcinogenic potential.^[@bibr25-1073274818812908]^ Indeed, previous studies have demonstrated that DNA hypomethylation is a major risk factor for activating the expression of pro-metastatic genes.^[@bibr26-1073274818812908][@bibr27-1073274818812908]-[@bibr28-1073274818812908]^ In breast cancer, DNA hypomethylation can be detected at early stages of carcinogenesis^[@bibr29-1073274818812908]^ or can be linked to the tumor differentiation.^[@bibr30-1073274818812908]^

The association between ALAN, epigenetics, and cancer development has been previously reviewed.^[@bibr31-1073274818812908]^ Accordingly, the review suggested that suppression of melatonin levels by ALAN, particularly of short wavelength, might plausibly trigger aberrant DNA methylation, and consequently, carcinogenic actions are exerted. The association between light pollution and cancer etiology is increasingly being validated by both epidemiological and experimental studies. The problem of light pollution is expected to increase with the extensive increase in LED lighting sources, as higher irradiance and shorter wavelength would be emitted by the new energy-efficient (EE) technology.^[@bibr32-1073274818812908],[@bibr33-1073274818812908]^ However, little research has been carried out on characterizing the spectral composition and the molecular mechanism of ALAN-induced cancer development. In this study, we exposed 4T1 breast cancer cells-inoculated female BALB/c mice to ALAN emitted from 4 lighting sources with different spectral composition technologies at the same intensity level. Body mass, tumor volume, urinary corticosterone levels, and urinary 6-sulfatoxymelatonin (6-SMT) levels were monitored to characterize the spectral threshold of ALAN on cancer development. Furthermore, global DNA methylation (GDM) levels were also measured in different tissue samples in order to validate a possible mediating molecular connection between ALAN and melatonin suppression with respect to cancer development. We hypothesized that there would be an inverse correlation between ALAN wavelength and tumor growth in which the carcinogenic effect of the suppressed melatonin levels is mediated by decreased GDM levels.

Materials and Methods {#section2-1073274818812908}
=====================

Animals {#section3-1073274818812908}
-------

Female BALB/c mice (4-5 weeks, 20 ± 1 g) were purchased from Harlan Laboratories Ltd (Jerusalem, Israel). The mice were maintained at the Technion Israel Institute of Technology Preclinical Research Authority under specific pathogen-free conditions. All experiments exploiting mice were approved by the Institutional Animal Care and Use Committee of the Technion---Israel institute of Technology, Haifa, Israel (Protocol number: IL-019-01_2011), and all experiment procedures were conducted with approval from the Ethics and Animal Care Committee of the University of Haifa. We made all efforts to minimize the number of animals used and their suffering where no other methods besides using animals were employed. Mice (5/cage) were housed in a climate-controlled room (22°C ± 1°C, 53% ± 7% relative humidity) in individually ventilated cages (37 × 19 × 13 cm) with 75 changes of air per hour (SmartFlow; Tecniplast, Buguggiate, Italy), given ad libitum access to total pathogen-free food (Altromin 1324, Lage, Germany; 19% crude protein, 4% crude fat, 6% cellulose, 13% moisture, 7.5% ash, and 11.9 MJ/kg metabolizable energy), and sterilized tap water. Prior to tumor cell inoculation, mice were acclimated for 3 weeks to short photoperiod (SD; 8L:16D, light--dark cycle; lights were on between 08:00 and 16:00 hours) emitted from 4 different lightning technologies (carbon \[60 W\], compact fluorescent lamp \[CFL, 12 W\], EE-halogen \[28 W\], and yellow-LED \[15 W\] at λ~Dominant~ = 595 nm, 569 nm, 535 nm, and 500 nm, respectively) at 350 lux. The SD light cycles were interrupted by a 1 × 30-min/night exposure to ALAN at 00:00 hours using the same light source and spectral composition as in the light period. Lights were emitted from 2 light fixtures (a single bulb each) that were installed 1 m directly in front of the cages and half a meter apart. For more information, see the study by Zubidat et al.^[@bibr10-1073274818812908]^ The spectral sensitivity curves of all the lighting technologies tested here are depicted in Supplemental Figure S1.

Cell Culture {#section4-1073274818812908}
------------

4T1 cells originating from transgenic mice were purchased from the American Type Culture Collection (ATCC), a global biosource center, Manassas, Virginia. These are epithelial, p53 wild-type, androgen-dependent, and poorly differentiated cells.^[@bibr34-1073274818812908]^ The cells were grown in 25- or 75-mL flasks in a humidified incubator at 37°C with 5% CO~2~ in Dulbecco modified Eagle medium supplemented with 1.5 mmol/L [l]{.smallcaps}-glutamine, 2.2 g/L sodium bicarbonate, 5% fetal bovine serum, and 1% penicillin--streptomycin (all from Biological Industries, Kibbutz Beit Haemek, Israel). For further information, see also the study by Schwimmer et al.^[@bibr9-1073274818812908]^

Experiment Protocol {#section5-1073274818812908}
-------------------

After the acclimation period at a given spectral composition, the mice were inoculated subcutaneously into the hind flank with 1 × 10^6^ (0.2 mL) 4T1 cells and randomly assigned to 2 groups (N = 10 each) in the presence or absence of melatonin (10 mg/L; Sigma, Saint Louis, Missouri) administration in the drinking water (dissolved in 0.01% ethanol). The calculated daily melatonin dose per mouse was 38 µg (1.9 mg/kg/d). Melatonin was given during the dark period (16:00 to 08:00 hours) and substituted by standard sterilized tap water containing bottles during the counterpart light period.

Mice were monitored for body mass and tumor growth twice a week for 1 month and thereafter sampled for urine at 4-hour interval for 28 hours (for determination of 6-SMT and corticosterone levels) and then killed by CO~2~ asphyxiation, and tumor, lung, spleen, and liver tissues (for GDM analysis) were immediately removed and stored at --80°C until subsequent analysis. Metastasis nodules in these organs were also inspected visually and recorded. Additionally, spleen mass was recorded immediately after the mice were killed to evaluate correlation with tumor volume (±0.01 g; Ohaus CS200, Parsippany, New Jersey).

Tumor Growth Analysis {#section6-1073274818812908}
---------------------

Tumor growth was estimated twice a week by measuring the greatest tumor diameters (length and width) using a digital caliber with ±0.01 mm accuracy (Mitutoyo, Kawasaki, Japan). Volume was calculated according to Equation [1](#disp-formula1-1073274818812908){ref-type="disp-formula"}.^[@bibr35-1073274818812908]^
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Additionally, body mass of the inoculated mice was also recorded throughout the study.

Urine Collection, 6-SMT, and Corticosterone Analysis {#section7-1073274818812908}
----------------------------------------------------

### Urine {#section8-1073274818812908}

Samples were collected for analyzing both 6-SMT and corticosterone levels. Samples were collected using a noninvasive method for rodents.^[@bibr36-1073274818812908]^ Mice were housed individually in metabolic cages (Tecniplast, SmartFlow), and urine samples were collected at 4-hour intervals for a period of 28 hours, immediately after the tumor growth measurements. The cage is efficiently designed to collect urine and feces into separate collection tubes. At each collection time, the urine samples were transferred from the collection tubes to 1.5-mL Eppendorf tubes using disposal glass Pasteur pipettes. We calculated urine volume gravimetrically in a tarred 1.5-mL Eppendorf tube by assuming a specific gravity of 1 g/mL.^[@bibr37-1073274818812908]^ All urine samples were stored at --80°C for further analysis.

### 6-Sulfatoxymelatonin {#section9-1073274818812908}

Pineal melatonin production levels were determined by measuring urinary 6-SMT concentration, the major metabolite of the hormone.^[@bibr38-1073274818812908],[@bibr39-1073274818812908]^ The quantitative determination of 6-SMT in urine was completed by a solid-phase enzyme-linked immunosorbent assay (ELISA \# RE54031; IBL, Hamburg, Germany) as described previously.^[@bibr40-1073274818812908]^ Concentrations (ng/mL) of 6-SMT were spectrophotometrically determined by ELISA microplate reader at 450 nm with reference wavelength of 650 nm (PowerWave HT; Biotek, Winooski, Vermont) and analyzed by Gen5 Data Analysis Software (version 2; Biotek).

### Corticosterone {#section10-1073274818812908}

Urinary corticosterone concentration was determined using an ELISA kit (ab108821; Abcam, Cambridge, United Kingdom) with 96% recovery for corticosterone, 0.3 ng/mL sensitivity, and 5.0% CV intra-assay variation. Urine samples of 25 μL (diluted 1:20), standards, and reagents were appropriately added to 96-well plates precoated with corticosterone-specific antibody according to the provided instructions. Corticosterone concentrations (ng/mL) were spectrophotometrically determined by ELISA microplate reader at 450 nm, with reference wavelength 570 nm (PowerWave HT; Biotek) and analyzed by Gen5 Data Analysis Software (version 2; Biotek).

Global DNA Methylation Analysis {#section11-1073274818812908}
-------------------------------

Genomic DNA was purified from tumor, lung, spleen, and liver cells using High Pure PCR Template Preparation Kit (Roche, Mannheim, Germany). Accordingly, 40 mg tissue samples were lysed at 70°C with proteinase K followed by DNA binding, washing, and eluting according to the instructions of manufacturer. Global DNA methylation was evaluated using the MethylFlash Methylated DNA Quantification Kit (Epigentek, Farmingdale, New York) for analyzing the levels of 5-methylcytosine (5-mC). Purified DNA samples (100 ng) were incubated in 96-well plates coated with 5-mC antibody at 37°C for 90 minutes. After washing, a capture antibody was loaded onto the plates and incubated at room temperature for 30 minutes. Thereafter, the plates were washed and an enhancer solution was added and incubated for 30 minutes at room temperature. The percentage of methylated DNA was proportional to the optical density at 450 nm. DNA methylation was estimated using positive control (PC; 50% 5 mC) and negative control (NC; 50% unmethylated cytosin) controls according to Equation [2](#disp-formula2-1073274818812908){ref-type="disp-formula"}
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where S is the amount of input DNA (100 ng) and P is the amount of input PC (5 ng). The levels of methylated DNA are calculated as percentage of the total DNA. More information are available in previous studies.^[@bibr9-1073274818812908],[@bibr10-1073274818812908]^

Statistical Analysis {#section12-1073274818812908}
--------------------

All statistical tests were performed using SPSS 13.0 for windows (SPSS Inc, Chicago, Illinois). Three-way mixed repeated-measures analysis of variance (ANOVA; RM3W-ANOVA; 4 spectral compositions × 2 melatonin × 8 time) and 2-way ANOVA (RM2W-ANOVA; 4 spectral compositions × 2 melatonin) with repeated measure were used to evaluate mean value differences in 6-SMT and corticosterone levels between the groups. The effect of the different wavelength treatments on body mass, tumor growth, and GDM levels was analyzed by 2-way ANOVA for mean effects of spectral compositions (4 levels) and melatonin treatment (2 levels). The 2-way and 3-way ANOVAs were followed by 1-way ANOVA if effect of treatment or interactions were statistically significant. The 1-way ANOVA models were followed by Bonferroni and Tukey post hoc pairwise comparisons as appropriate. An independent Student *t* test was used to determine significant differences between mean levels of experimental variables (eg, tumor growth, body mass, 6-SMT, and GDM) under the different treatments. Relations between 6-SMT, tumor growth, GDM levels, and metastasis formation were assessed by Pearson correlation coefficient (*r*). Simple linear regression was performed to quantify relationship between wavelength, total 24-hour content of 6-SMT, total 24-hour content of corticosterone, tumor volume, and GDM levels. Linear regression was also used to evaluate the correlation between total 24-hour content of 6-SMT and both tumor volume and GDM levels.

Daily rhythms of urinary 6-SMT concentration levels were also analyzed for rhythmicity using the population cosinor procedure.^[@bibr41-1073274818812908]^ Accordingly, the data for a given group are modeled by a nonlinear regression to fit the data to the best cosine equation by successive least squares approximation to the complete data over a period of 24 hours using Equation [3](#disp-formula3-1073274818812908){ref-type="disp-formula"}:
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where *F(t)* is 6-SMT concentration at time *t*, of the best fitted equation described by *Mesor* (rhythm-adjusted mean of the best fitted curve); amplitude, half the difference between maximum and minimum values of the best-fitted curve; acrophase, the time when the maximum levels occur with reference to 00:00 hours; and period, 24-hour length of a complete cycle. The Jenkins-Watt auto-periodogram analysis was performed to estimate the period of the oscillation.^[@bibr42-1073274818812908]^ A rhythm is considered significant if the variances of the best-fitted cosine curve and those of the linear model are not equal (*F*-test statistic at *P* \< .05). The population Cosinor analysis was completed by the TSA-Time Series Analysis Serial Cosinor 6.3 software (Expert Soft Technologie, Esvres, France). Data are presented as mean ± 1 standard error (SE) or 95% confidence interval mean. The statistical error (α) was set at 5% and was corrected for multiple comparisons with a conservative Bonferroni correction. Statistical assumption for linearity and normality was tested by Shapiro-Wilk test, and all assumptions were met for all major analyses. Therefore, no corrections for normality were made.

Results {#section13-1073274818812908}
=======

Body Mass {#section14-1073274818812908}
---------

Artificial light at night of different illumination sources showed a significant effect on the body mass of the 4T1 breast cancer cells-inoculated mice at the end of each experimental trail (1-way ANOVA; *F* ~7,61~=15.39, *P* = .0001). Body mass under both carbon and EE-halogen exposures with or without melatonin supplement showed marked mass gain (∼10%) compared to CFL and yellow-LED counterpart exposures where mass loss (∼ −2%) was recorded ([Figure 1](#fig1-1073274818812908){ref-type="fig"}).

![Percentage change in body mass of female BALB/c mice at the end of the study relative to baseline mass prior to tumor cell inoculation (1 × 10^6^ cells). Mice were kept under short photoperiod (8 L:16D, lights were on from 8:00 to 16:00 hours) at 4 different spectral compositions with or without melatonin (MLT) supplement for 28 days. Melatonin was nocturnally administered in the drinking water (10 mg/L). Mice in all spectral groups were exposed to 1 × 30-minute/night artificial light at night at 00:00 using the same light source and spectral composition as during the day. Results are presented as mean ± standard error (SE) of n = 6-10. Different letters represent statistically significant difference among groups (Tukey *P* = .01).](10.1177_1073274818812908-fig1){#fig1-1073274818812908}

Tumor Growth {#section15-1073274818812908}
------------

All of the inoculated mice at the 4 spectral compositions developed visible tumors, but at different days ([Table 1](#table1-1073274818812908){ref-type="table"}). The CFL and EE-halogen exposures were associated with shorter tumor-free intervals (7 and 8 days) compared to yellow-LED and carbon exposures, where the latter exposed-mice showed the longest tumor-free interval (14 days). Carbon and yellow-LED inoculated mice with or without melatonin treatments had a 100% survival rates during 28 days post-inoculation, while the mice exposed to either EE-halogen or CFL ALAN illuminations had worsened survival rates (60%) in both groups with and without melatonin supplement. However, melatonin supplement increased survival rates by 20% only for mice exposed to EE-halogen ALAN ([Table 1](#table1-1073274818812908){ref-type="table"}).

###### 

Effects of ALAN at 4 Different Spectral Compositions With or Without MLT Supplement on Different Tumor-Related Parameters in 4T1 Breast Cancer Inoculated Female BALB/c Mice.^a^

![](10.1177_1073274818812908-table1)

  ALAN Source^b^   MLT               Tumor-Free Interval, days^c^   Tumor Volume, mm^3^   Relative Tumor Mass (to Body Mass)   Number of Lung Metastasis^d^   Survival Rate, %
  ---------------- ----------------- ------------------------------ --------------------- ------------------------------------ ------------------------------ ------------------
  Carbon           −                 14                             1816 ± 284^e^         35 ± 4^e,f^                          3.3 ± 0.6^e^                   100
  \+               601 ± 214^g^      13 ± 1^g^                      1.2 ± 0.5^g^          100                                                                 
  Halogen          −                 8                              3262 ± 163^f^         61 ± 6^h^                            10 ± 0.6^h^                    60
  \+               1341 ± 267^e,g^   24 ± 4^e,g^                    6 ± 0.7^f^            80                                                                  
  CFL              −                 7                              3391 ± 218^c^         51 ± 4^c,d^                          5.8 ± 1.1^e,f^                 60
  \+               1564 ± 248^e,g^   54 ± 9^h^                      3.7 ± 1.2^e^          60                                                                  
  Yellow-LED       −                 10                             3279 ± 211^f^         36 ± 3^f^                            7.7 ± 0.8^f,h^                 100
  \+               954 ± 145^e,g^    18 ± 2^g^                      3.9 ± 1.0^e^                                                                              

Abbreviations: ALAN, artificial light at night; CFL, compact fluorescent lamp; LED, light-emitting diode; MLT, melatonin.

^a^ Different superscripted letters represent statistically significant difference among groups (Tukey *P* \< .05).

^b^ Measurements were performed at 4 weeks post tumor cell inoculation.

^c^ The duration from 4T1 cells inoculation to the appearance of a measurable tumor.

^d^ Visible metastatic nodules on each lung.

The RM 3-way ANOVA model showed significant time (*F* ~7,476~ = 225.21, *P* = .0001), spectral composition (*F* ~3,68~ = 6.07, *P* = .001), and melatonin (*F* ~1,68~ = 52.64, *P* = .0001) effects on mean tumor growth rates. However, no significant interaction effects were detected between spectral composition and melatonin treatments. All the control groups (without melatonin), except the carbon-inoculated mice, had tumor progression at higher rates than the matched melatonin-treated mice ([Figure 2](#fig2-1073274818812908){ref-type="fig"}). Mean tumor volume 28 days postinoculation in the carbon control group was about 1.8-fold smaller (1816 ± 284 mm^3^) than in the other counterpart spectral control groups, which showed no significant differences in mean values. Nocturnal melatonin supplement in the drinking water notably decreased mean tumor volume in all spectral compositions compared to opposite controls. Carbon and yellow-LED-inoculated mice without melatonin showed smaller relative tumor mass to body mass compared to EE-halogen and CFL under the same conditions. Under control conditions, the carbon-exposed mice (3.3 ± 0.6 in number) showed the most reduced lung metastases formation, while the most developed formation was detected in the EE-halogen-exposed mice (10 ± 0.6 in number). Generally, the melatonin-treated mice in all spectral groups showed lessened metastases formation compared to controls ([Table 1](#table1-1073274818812908){ref-type="table"}).

![Tumor growth rates of female BALB/c mice during 4 weeks post cancer cell inoculation at 4 different spectral compositions with or without melatonin (MLT) supplement. Tumor volumes were measured by digital caliper semi-weekly. Results are mean ± standard error (SE) of n = 6-10.](10.1177_1073274818812908-fig2){#fig2-1073274818812908}

Urinary 6-SMT and Corticosterone Levels {#section16-1073274818812908}
---------------------------------------

### Urinary 6-SMT {#section17-1073274818812908}

The 2-way RM-ANOVA detected significant time (*F* ~6,174~ = 14.42, *P* = .0001) and spectral composition (*F* ~3,29~ = 4.64, *P* = .04) effects on mean urinary 6-SMT concentrations. No interaction effects were detected between time and spectral composition. The time-related effect on 6-SMT was also confirmed by the cosinor analysis. Significant 6-SMT daily rhythms were detected for all examined spectral compositions with 12-hour period under the carbon exposure and 24-hour period the other spectral compositions ([Figure 3](#fig3-1073274818812908){ref-type="fig"}). The highest mesor was detected under the carbon exposure, whereas the highest amplitude was detected in the EE-halogen-exposed mice. No significant differences were detected between acrophases of all spectral compositions (Supplemental Table S1). Mean daily 6-SMT concentrations of carbon-exposed mice were significantly (Tukey *P* \< .01) higher compared to the other spectral compositions. Mean total urinary content of 6-SMT excreted by the carbon-exposed mice over a 28-hour period was significantly different (Tukey *P* \< .05) from values detected under all other spectral compositions (302.86 ± 86 ng, 209.12 ± 24.76 nm, 165.66 ± 31.98 ng, and 160.52 ± 29.61 ng for carbon, yellow-LED, EE-halogen, and CFL, respectively).

![6-Sulfatoxymelatonin daily rhythms of female BALB/c mice under 4 different spectral compositions (carbon, compact fluorescent lamp \[CFL\], energy-efficient \[EE\]-halogen, and Yellow light-emitting diode \[LED\]) without melatonin treatment 4 weeks postinoculation. Results are mean ± standard error (SE) of n = 6-10. The best-fitted cosine curve and Cosinor estimates (period, *P* value, and percentage of the rhythm \[PR\]) are depicted. Gray area in each plot represents the length of the dark period. \**P* = .03 versus 12:00 hours (*t* test).](10.1177_1073274818812908-fig3){#fig3-1073274818812908}

### Urinary corticosterone {#section18-1073274818812908}

Urine concentrations of corticosterone in all spectral groups showed clear daily rhythms over the 28-hour period studied (3WRM-ANOVA; *F* ~6,360~=20.18, *P* = .0001). The ANOVA model also detected spectral composition (*F* ~3,60~=84.85, *P* = 0.0001) and melatonin (*F* ~1,60~ = 71.18, *P* = .0001) effects on corticosterone levels, but no interaction effects. Accordingly, clear daily rhythms of urinary corticosterone were also detected by the cosinor analysis at all spectral exposure studied. All rhythms oscillated with a 24-hour period except under the CFL exposure without melatonin where the fitted period was 12 hours ([Figure 4](#fig4-1073274818812908){ref-type="fig"}). Mesor and amplitude were the lowest in carbon exposure and the highest in yellow-LED exposure, and melatonin supplement significantly decreased mesor levels compared to controls (Supplemental Table S2). Likewise, urinary corticosterone content over a 28-hour period was significantly altered in response to the different spectral exposures (1-way ANOVA, *F* ~7,59~=13.81, *P* = 0.0001). Carbon-exposed mice without melatonin supplement had the lowest 28-hour content (161 ± 22 ng), while the highest contents were measured for mice exposed to CFL or yellow-LED (389 ± 24 or 422 ± 58 ng, respectively). The EE-halogen-exposed mice showed intermediate content between these extremes. Melatonin supplement in the drinking water notably decreased the total content of urinary corticosterone in all spectral-exposed mice (Supplemental Figure S2). A simple linear regression analysis revealed a moderate negative correlation between wavelength increment and total content of corticosterone in urine (*r* = 0.63, N = 33, *P* = .002; Supplemental Figure S3).

![Urinary corticosterone daily rhythms of female BALB/c mice under 4 different spectral compositions with melatonin (+MLT) and without melatonin (−MLT) treatments, 4 weeks post-inoculation. Results are mean ± standard error (SE) of n = 6-10. The best-fitted cosine curve and Cosinor estimates (period, *P* value, and percentage of the rhythm \[PR\]) are depicted. Gray area in each plot represents the length of the dark period. \**P* \< .05 versus 12:00 hour and ^\#^ *P* \< .05 versus +MLT (*t* test).](10.1177_1073274818812908-fig4){#fig4-1073274818812908}

Levels of GDM {#section19-1073274818812908}
-------------

The 3-way RM-ANOVA detected significant tissue (*F* ~3,216~ = 9.23, *P* = .0001), spectral composition (*F* ~3,72~ = 9.23, *P* = .0001), and melatonin (*F* ~1,72~ = 80.68, *P* = 0.0001) effects on GDM levels, but no interaction effect between melatonin and spectral composition. Generally, all tissues showed marked hypermethylation that was associated with melatonin supplement, while the control groups without melatonin showed hypomethylation ([Figure 5](#fig5-1073274818812908){ref-type="fig"}). The results revealed tissue-specific response in GDM levels in response to different spectral composition exposures and melatonin treatment. The tumor tissue showed the most prominent changes in GDM levels in response to spectral composition variations and melatonin treatment. The lung GDM levels changed notably in response to spectral composition variations with melatonin supplement, but not without melatonin. In the liver tissue, GDM levels changed only in response to yellow-LED exposure with or without melatonin. In the spleen, no significant differences in GDM levels were recorded in response to spectral composition variation with melatonin, but levels changed significantly in the absence of melatonin in the drinking water.

![The effects of spectral composition and melatonin (MLT) treatment on global DNA methylation in female BALB/c mice 4 weeks post-inoculation. Results are mean ± standard error (SE) of n = 10. Different letters represent statistically significant difference among groups within the same tissue and same MLT treatment (Tukey *P* \< .05). \* *P* \< .05 (*t* test).](10.1177_1073274818812908-fig5){#fig5-1073274818812908}

Correlation Analysis {#section20-1073274818812908}
--------------------

The results showed that total 6-SMT content is closely associated with both tumor volume and GDM levels, but in opposite direction. Tumor volume decreased (*r* = −0.8, N = 33, *P* = .0001), while GDM levels increased (*r* = 0.82, N = 33, *P* = .0001) with increasing 6-SMT content ([Figure 6](#fig6-1073274818812908){ref-type="fig"}). Additionally, the correlation analysis revealed that tumor volume is positively correlated with relative tumor mass to body mass (*r* = 0.62, N = 67, *P* = .0001), number of lung metastases (*r* = 0.63, N = 67, *P* = .0001), and total urinary corticosterone (*r* = .53, N = 67, *P* = .0001). Finally, wavelength composition significantly correlated with tumor volume (*r* = −0.78, N = 6, *P* = .04), total content of 6-SMT (*r* = 0.75, N = 6, *P* = .04), and GDM levels (*r* = 0.84, N = 6, *P* = .04; [Figure 6](#fig6-1073274818812908){ref-type="fig"}).

![Correlation between various parameters studied in female BALB/c mice 4 weeks post-inoculation with 4T1 breast cancer cells. Regression analysis between total 24-hour content of urinary 6-sulfatoxymelatonin (6-SMT) and both tumor volume and global DNA methylation (GDM). The regression was imposed on the combined data of all spectral groups without melatonin supplement (N = 33). Black and gray solid lines represent the regression lines. The estimated equation, *R* ^2^, and *P* value are also depicted (A). Correlation between wavelength and tumor volume (B), total 6-SMT (C), and GDM (D). Correlations with wavelength were imposed on mean values of control data (without melatonin) at each wavelength. Six wavelengths were used for this analysis: 4 (595, 569, 535, and 500 nm) from the current study and 2 (460 and 580 nm) were adopted from the previous study.^[@bibr10-1073274818812908]^](10.1177_1073274818812908-fig6){#fig6-1073274818812908}

Discussion {#section21-1073274818812908}
==========

Light pollution is increasingly reported as a potential threat to public health, particularly increased risk of breast and prostate cancers in modern lifestyle.^[@bibr2-1073274818812908]^ To characterize the spectral threshold of ALAN on breast cancer development, we analyzed the association between increasing spectral composition representing different illumination sources (carbon, EE-halogen, CFL, and yellow-LED) and tumor growth in female BALB/c mice inoculated with 4T1-mice breast cancer cells. Our results discovered a strong inverse correlation between wavelength and both breast cancer burden and metastatic activity. This result is consistent with results from our previous work, which revealed a strong association between short wavelength emitted from natural blue LED illumination (460 nm) and tumor growth in a mouse model.^[@bibr10-1073274818812908]^ In a previous study, tumor growth rates and metastasis formation were most evident under light containing dominant short wavelength compared to long wavelength (580 nm) emitted from incandescent illumination at the same intensity level.

Disruption of circadian rhythms by ALAN might trigger cancer development through suppression of the typical nocturnal rhythm of the pineal hormone melatonin.^[@bibr3-1073274818812908]^ The oncostatic effects of melatonin are well established. Several studies have demonstrated that melatonin can prevent the development of breast cancer in animal models.^[@bibr9-1073274818812908],[@bibr43-1073274818812908]^ Most recently, we have validated in our research center that melatonin supplement in the drinking water of 4T1 tumor-bearing mice suppresses tumor growth and prevents metastases formation in lungs and abdominal organs.^[@bibr10-1073274818812908]^ In this study, we demonstrated that melatonin can attenuate tumor growth rates and reduce metastases in the lungs of 4T1 tumor-bearing mice at all spectral exposures studied. Further, melatonin can inhibit both tumor growth and metastatic activity in breast cancer cell lines and xenograft.^[@bibr13-1073274818812908],[@bibr44-1073274818812908]^

In women with breast cancer, a significant decrease in melatonin levels were noted compared to those of controls.^[@bibr45-1073274818812908][@bibr46-1073274818812908]-[@bibr47-1073274818812908]^ Unequivocally, ALAN exposure particularly of short wavelength suppresses melatonin production and as a possible consequence breast cancer might develop. In this study and previously, we demonstrated a clear dose-dependent suppression of melatonin by wavelength in which short wavelength (eg, blue LED illumination^[@bibr10-1073274818812908]^) exposure was the most powerful inhibitor for the pineal hormone. Bright florescent ALAN (580 μW/cm^2^) exposures suppressed melatonin and increased tumor growth in hepatomas and breast cancer xenograft tumor-bearing rats.^[@bibr12-1073274818812908]^ Furthermore, melatonin-depleted blood collected from women post-ocular ALAN exposure failed to attenuate tumor growth compared to significantly suppressed proliferative activity by melatonin-enriched blood collected during the night.^[@bibr12-1073274818812908]^ Evidence for a potential association between ALAN exposure and breast cancer risk also comes from epidemiological studies.^[@bibr48-1073274818812908][@bibr49-1073274818812908]-[@bibr50-1073274818812908]^

In a recent Korean study evaluating the spatial effects of ALAN on breast cancer in 25 regions including central, urbanized, and rural areas, a significant correlation was reported between the environmental exposure and increased incidence of breast cancer.^[@bibr6-1073274818812908]^ The association between ALAN, melatonin suppression, and breast cancer progression appears to be consistent and, even women with blindness or excessive sleepiness (high melatonin levels), presents lower risk compared to normal patients.^[@bibr51-1073274818812908],[@bibr52-1073274818812908]^

The oncostatic and antimetastatic properties of melatonin are expected to be mediated by divergent mechanisms including activation of MT1 receptor.^[@bibr11-1073274818812908]^ In estrogen receptor-related human breast cancer and other mammary malignances, melatonin has been demonstrated to suppress cancer cell proliferation via activation of MT1 receptor.^[@bibr53-1073274818812908][@bibr54-1073274818812908]-[@bibr55-1073274818812908]^ Targeting cancer cell metabolism such as blocking linoleic acid uptake and its conversion to 13-hydroxyoctadecadienoic acid via MT1 receptor^[@bibr56-1073274818812908]^ and other mechanisms, including cell cycle deregulation,^[@bibr57-1073274818812908]^ blocking Estrogen synthesis,^[@bibr13-1073274818812908]^ and modulating Rho-associated kinase protein-1-expression,^[@bibr44-1073274818812908]^ are also suggested to mediate antiproliferative and antimetastatic activities of melatonin.

One of the most promising mechanisms by which melatonin may improve anticancer activities involves epigenetic modifications, particularly DNA hypomethylation.^[@bibr16-1073274818812908]^ Generally, in breast cancer, decreased DNA methylation can be used as a biomarker for both early detection and staging classification.^[@bibr28-1073274818812908],[@bibr30-1073274818812908]^ Furthermore, reversal of the aberrant DNA hypomethylation can block breast cancer progression into more aggressive metastatic phenotype.^[@bibr58-1073274818812908]^ Accordingly, DNA hypomethylation could be used as a novel noninvasive tool for staging and a potential target for therapeutic intervention in breast cancer progression. In this study, we demonstrated a wavelength-dependent decrease in GDM levels and increase in both tumor growth rates and metastases formation in response to 1 × 30-min/night ALAN exposure at midnight. Melatonin supplement in the drinking water was significantly sufficient to increase GDM levels and subsequently lessen the ALAN-induced carcinogenic responses. Melatonin may inhibit tumor development by epigenetic regulation of gene expression. Generally, global hypomethylation and promoter hypermethylation of oncogenes were shown to be involved in regulating carcinogenic activity in breast cancer.^[@bibr59-1073274818812908],[@bibr60-1073274818812908]^

Most studies support the idea that these abnormal methylations promote cancer progression by inducing genomic instability, activation of oncogenes (e.g., *breast cancer gene 1; BRCA-1*), silencing tumor suppressor genes, upregulation of metastatic genes, and activation of cell proliferation-related genes.^[@bibr61-1073274818812908]^ Moreover, in breast cancer, abnormal DNA methylation levels are also suggested to positively correlate with the aggressiveness of metastasis.^[@bibr62-1073274818812908]^ Melatonin can cause silencing of breast cancer-related oncogenes by changing the methylation pattern of *Aromatase gene* (encoding Estrogen synthetase---a key enzyme for Estrogen biosynthesis) or changing its acetylation pattern.^[@bibr63-1073274818812908]^ In human breast cancer cell lines, the transcription levels of the oncogenes *EGR3* and *POU4F2/Brn3b* are lowered by melatonin perfusion, whereas the expression levels of the tumor suppressor gene *GPC3* are elevated by the pineal hormone.^[@bibr64-1073274818812908]^ Overall, our results suggest that melatonin may induce epigenetic modifications of several cancer-related genes and subsequently regulate silencing or activation of these genes by DNA methylation or other epigenetic pathway. The melatonin-induced hypermethylation in 4T1 tumor-bearing mice suggests a plausible mechanism mediating the association between ALAN wavelength and both tumor growth rates and metastases formation ([Figure 7](#fig7-1073274818812908){ref-type="fig"}), but the precise molecular processes underlying this correlation remain unexplored and warrant further studies.

![Schematic representation of an epigenetic mechanism of action postulated to mediate cancer progression by artificial light at night (ALAN)-induced melatonin suppression. Photoperiod (day and night cycle) and ALAN signals are detected by intrinsically photosensitive retinal ganglion cells (ipRGCs) and then propagated to circadian clock in the hypothalamic superchiasmatic nucleus (SCN) by the retinohypothalamic tract (RTH). The circadian signals from the SCN are conveyed to the pineal gland (PG) via the superior cervical ganglion (SCG). The SCN-PG pathway regulates normal rhythms of melatonin (solid gray arrows) that are associated with normal activity of DNA methyltransferases (DNMTs), normal global methylation, and finally normal cellular development (cancer free). Conversely, ALAN exposures (solid white arrow and dotted gray arrows) particularly of short wavelengths are associated with converse actions and finally trigger cancer progression and promote metastasis formation. Exogenous melatonin treatment may rectify the ALAN maladaptive responses.](10.1177_1073274818812908-fig7){#fig7-1073274818812908}

The cosinor analysis for 6-SMT revealed significant 24-hour rhythms under all ALAN spectral groups, except under the carbon exposure where a 12-hour ultradian rhythm was detected ([Figure 3](#fig3-1073274818812908){ref-type="fig"}). We have no clear explanation for 12-hour ultradian rhythm in melatonin secretion detected in the carbon-treated mice. Evidently, carbon illumination has no blue peak at the short wavelength end of the visual spectrum (Supplemental Figure S1), which may account at least partly for the observed ultradian rhythm in our study. Nonetheless, nocturnal ultradian secretory rhythms of melatonin were also reported in both human and rodents.^[@bibr65-1073274818812908],[@bibr66-1073274818812908]^ In human, the ultradian rhythms in melatonin have been suggested to be associated with rapid eye movement sleep stage, but the significance of these ultradian rhythms in rodent species remains unknown. The detected 12**-**hour ultradian rhythm in the carbon ALAN-exposed group in this study is characterized by acrophase occurring around the beginning and the end of the dark period. An ultradian rhythm of melatonin secretion with 2 peaks, one in the evening and the other in the morning, has also been reported.^[@bibr67-1073274818812908][@bibr68-1073274818812908]-[@bibr69-1073274818812908]^ This bimodal rhythm of melatonin has been suggested to reflect separate regulation of 2 different oscillators. One limitation of this finding in our study is the relatively large sampling time point (4-hour intervals), and thus, higher specimen sampling frequencies are essentially required for more reliable ultradian spectral analysis. The observed dual pattern in melatonin secretion, however, focuses on the complexity of the pineal secretory activity, which most likely is influenced by features of light during the day period.

Our results also showed that controlled mice (without melatonin supplement) had increased hypothalamic--pituitary--adrenal axis activity represented by the quantitative increase in urinary corticosterone compared to melatonin-treated mice. Moreover, we discovered an inverse moderate correlation between ALAN wavelength and corticosterone levels, suggesting that ALAN exposure can trigger stress responses in a dose-dependent manner. Previously, we have demonstrated in wild-type rodents a wavelength and irradiance dose-dependent activity of both the sympathetic adrenomedullary system and the hypothalamic--pituitary--adrenal axis.^[@bibr70-1073274818812908]^ At the cellular level, ALAN exposures have been shown to modulate stress response in the golden spiny mice (*Acomys russatus*), increasing gene expression and protein levels of the heat shock protein 70.^[@bibr71-1073274818812908]^ Consequently, ALAN exposure (acute not chronic) can trigger physiological processes other than carcinogenic activity that might contribute to fitness and survival under the stressful environmental exposure in wild animals. The wavelength-dependent increase in corticosterone levels is likely to be mediated by the wavelength dose-dependent suppression of melatonin. Generally, melatonin can exert an inhibitory effect on arginine vasopressin rhythms,^[@bibr72-1073274818812908]^ a major mediator for ACTH release by the pituitary to circulation and subsequently for corticosterone release by the adrenal gland. Our results also support the suggested inhibitory effect of melatonin on the activity of the hypothalamic--pituitary--adrenal axis as melatonin-treated mice under all spectral compositions showed significant decrease in corticosterone levels compared to control mice (Supplemental Figure S2).

In contrast to the positive effect of acute stress in wild-type animals, chronic stress in humans and animals is also associated with several disorders including breast cancer progression.^[@bibr73-1073274818812908]^ A systemic review of epidemiological data regarding breast cancer and stress showed a conceivable association between different stressful conditions and breast cancer development.^[@bibr74-1073274818812908]^ In breast cancer-induced rats that were exposed to social isolation stress, a higher number of tumor and greater volumes were developed compared to group-reared, cancer-induced mice.^[@bibr75-1073274818812908]^ Furthermore, multiple lines of evidence not only support an association between stressful conditions and cancer development but also with the disease progression and metastasis formation.^[@bibr76-1073274818812908]^ Our results demonstrated increased tumor development in all spectral groups without melatonin supplement that coincided with higher levels of corticosterone in urine. Conversely, in the melatonin-treated mice, the decreased tumor development corresponded with lower corticosterone levels. These results imply that ALAN exposures could have imposed stressful housing conditions that promoted tumor growth in the melatonin-untreated mice. Although we suggest that increased cancer burden demonstrated here is most likely mediated by melatonin, other mechanisms such as stress responses are plausible.

The Right Lighting Technologies {#section22-1073274818812908}
-------------------------------

Here, we attempt to evaluate the spectral composition threshold of ALAN for discrimination between safe and risky lighting technologies, in regard to breast cancer progression. We used different spectral compositions to assess a possible association between ALAN wavelength and melatonin suppression and GDM levels. The 4T1 inoculated-mice were exposed to 1 × 30-min ALAN per night at the same intensity level of each illumination source for 28 nights. Mice were monitored for tumor growth and urinary melatonin to characterize wavelength threshold, the minimal effective wavelength for inducing melatonin suppression, and tumor development. Our results revealed clear negative and positive dose--response relationships between wavelengths, on the one hand, and both tumor growth and urinary 6-SMT levels, on the other, as an indication for pineal melatonin production ([Figure 6A and B](#fig6-1073274818812908){ref-type="fig"}, respectively). Accordingly, these findings suggest the possibility that tumor growth may be sensitive to wavelength shorter than 500 nm, as ALAN exposures below this threshold correlated with prominent tumor growth, while exposures from this limit and above resulted in markedly reduced tumors. As for melatonin, the most powerful wavelength for suppression of the production levels was 460 nm (natural blue LED), while wavelengths from 580 nm and above exerted very weak melatonin suppression. Wavelengths between 500 and 569 nm showed intermediate suppression effect. The spectral sensitivity curve of all the lighting technologies tested in this study, except for the carbon illumination, demonstrated a peak wavelength at the blue end of the spectrum (Supplemental Figure S2). This peak is responsible for both decreasing the melatonin levels^[@bibr14-1073274818812908]^ and apparently boosting the tumor progression.

Based on our data, we may conclude that lighting technologies that emit wavelength at 500 nm and longer wavelengths such as carbon illumination and even the traditional incandescent technology could have less health risk than other technologies such as CFL, EE-halogen, and LED lighting, which all present a peak wavelength in the blue region of the spectrum (Supplemental Figure S1). Currently, the LED technology is becoming available at an increasing rate and expected to govern ALAN-lighting in coming years.^[@bibr33-1073274818812908],[@bibr77-1073274818812908]^ Light-emitting diode lighting exposures are expected to increase the light pollution problem; higher irradiance and shorter wavelength are emitted compared to counterpart traditional options.^[@bibr32-1073274818812908],[@bibr33-1073274818812908]^ Currently, the LED lighting has almost pervaded every aspect of modern illumination, including outdoor and indoor illuminations, electronic displays, indicator lights, and car lights.^[@bibr78-1073274818812908]^ With the increased administration of LED lighting for indoor and outdoor illuminations, the need for developing safe and effective illumination sources become more challenging.

Although our results demonstrate clear effect of ALAN of different wavelengths on melatonin suppression, tumor development, and GDM levels, they should be interpreted with some caution. The main caveat arises because the photon flux was not the same for all light sources. However, we are convinced that this limitation had little effect on the overall results, as no substantial differences were detected between photon flux levels estimated at the variant wavelengths that were of relatively narrow range (500-595 nm). Using the irradiance toolbox described previously,^[@bibr79-1073274818812908]^ we estimated the 30-minute ALAN photon flux at the variant wavelengths measured. The photon flux ranged between 1.06 × 10^23^ photon/cm^2^·second for the shorter wavelength (500 nm) and 1.26 × 10^23^ photon/cm^2^·second for the longest wavelength (595 nm), demonstrating only 16% differences between extremes. Moreover, studies in rodent species demonstrated that the circadian photoreceptive system sensitivity to light exposure decreases with increased time of exposure, as the system integrates the total number of photons over the exposure period.^[@bibr80-1073274818812908]^ In this study, the mice were exposed to ALAN of only 30 minutes; therefore, no important differences in the effect of the total number of photons detected by the circadian system at the different wavelengths are expected during the brief exposure. Finally, as wavelength increases from 500 to 595 nm, it is expected to emit more infrared photons with less energy (the power of the photon is inversely related to wavelength), which are irrelevant.^[@bibr81-1073274818812908][@bibr82-1073274818812908]-[@bibr83-1073274818812908]^ Since all of the light used here are polychromatic with narrow range wavelengths between 500 and 595 nm, the results are more likely to reflect differences in wavelength sensitivity, rather than differences in photon flux. A second limitation in our study design is related to the fact that there is no control group to compare baseline responses in tumor growth, melatonin suppression, and DNA methylation levels with ALAN-treated groups at the different spectral compositions. Nevertheless, female BALB/c mice as a 4T1 breast tumor model have been used in our research center for over a decade and have become an integral part of our research methodology.^[@bibr9-1073274818812908],[@bibr10-1073274818812908]^ Baseline responses in the studied variables are well characterized under different spectral compositions, and thus, further mice killing would not add imperative data to our study. Finally, in a more recent study, it has been shown that bright ALAN exposure suppressed melatonin levels, decreased DNA methyltransferase activity, and subsequently reduced GDM compared to controls, and these effects were rectified by melatonin supplement in the drinking water (S. Agbaria, Personal Communication, September 1, 2018).

Conclusions {#section23-1073274818812908}
===========

To the best of our knowledge, our study is the first to demonstrate direct experimental link between spectral composition, melatonin suppression, GDM modification, and mammary tumor growth in a mouse model. We demonstrated a negative correlation between wavelength and melatonin suppression, which is closely associated with increased breast cancer burden. Our data suggest a possible wavelength suppression threshold of 500 nm for melatonin-induced tumor progression. Melatonin suppression and breast cancer burden were most prominent under short-wavelength LED illuminations compared to decreased response under long-wavelength carbon counterpart technology. The results of the current study emphasize the need for developing productive lighting technology that combines the safety of the carbon illumination and the energy efficiency of the LED-matched lighting. This new technology is expected to neutralize or at least lessen the adverse health effects of the chrono disruption of the circadian system, particularly by short-wavelength ALAN. Furthermore, the results of several studies demonstrated that ALAN adverse effects can also be correlated with irradiance levels; therefore, further research is warranted to characterize the irradiance threshold for advancing these adverse effects.

The results also suggest that both melatonin suppression and GDM levels may be utilized as a novel biomarker for cancer progression among key affected populations, particularly night-shift workers. Both markers can be monitored by simple and noninvasive methods and thus may provide significant prevention avenue relying on early detection of risk factor for the malignant illness. Finally, a dose-dependent relationship between wavelength and stress responses revealed here suggests that ALAN may affect other physiological processes that challenge the animal survival fitness such as reproduction and immune responses.
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